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 
Abstract-This paper presents an enhanced hierarchical control 
framework of microgrids, as an effective complementary of 
conventional hierarchical control, to improve operation efficiency 
and perform thermal management. The enhanced hierarchical 
control framework is implemented by two control levels. In 
primary control level, droop control strategy with active thermal 
management is proposed to perform identical thermal sharing 
among paralleled inverters. Furthermore, secondary control level 
is developed to improve operation efficiency and perform 
thermal management in system-level according to time-varying 
load profiles, where finite state machine model is adopted to 
optimize operation number of inverters. In addition, in grid-
connected microgrid, resonance phenomena may be caused by 
time-varying grid impedance. Hence, resonance mitigation 
strategy of microgrid is developed in the secondary control level, 
and small signal model of grid-connected microgrid is established 
to investigate the resonance phenomenon. Simulation and 
experimental results show that the proposed hierarchical control 
framework is able to perform active thermal management, 
improve operation efficiency, and mitigate harmonic resonance 
in either autonomous mode or grid-connected mode. The 
proposed hierarchical control framework is an enhanced 
complementary for conventional hierarchical control of 
microgrids.  
 
    Index Terms—Enhanced hierarchical control, thermal stress, 
droop control, efficiency, active thermal control, resonance 
mitigation, finite state machine. 
I.  INTRODUCTION 
With the increasing penetration of renewable energies, 
small-scale distributed power systems such as microgrids and 
active distribution networks [1]-[2] are becoming attractive 
solutions to integrate various distributed energy sources, 
energy storage devices and local loads [1], which is able to 
improve control flexibilities and system reliability.  
Energy management is an essential aspect for microgrid 
operation. Hierarchical control strategies have been frequently 
developed in droop-controlled microgrids to guarantee the 
steady-state and dynamic performance of power control [2]-
[8] in different control levels. Hierarchical control structure is 
able to ensure flexibility and expansibility of power control in 
the presence of additional Distributed Generators (DG), which 
can support plug and play operation of distributed generators. 
A three-level hierarchical control structure of droop-controlled 
microgrids is presented in [3], which consists of primary 
                                                          
 
control level, secondary control level and tertiary control 
level. A hierarchical control system is developed to manage 
operation performance with consideration of economic aspects 
[4]. A robust hierarchical control system of active distribution 
systems is proposed in [5] to provide disturbance rejection 
performance against voltage disturbances and power angle 
fluctuation. The main tasks of existing hierarchical control 
structure [2]-[8] are summarized as follows.    
    (1) Primary Level: The aim of primary control is to perform 
proportional power sharing among paralleled inverters without 
using critical communication facilities. 
    (2) Secondary Level: The responsibility of secondary 
control is to restore frequency and voltage deviations caused 
by primary control. Also, synchronous control with utility grid 
is performed in this level.  
(3) Tertiary Level: The tertiary control commonly performs 
power flow control between microgrids and grid. In grid-
connected microgrid, the power flow can be controlled by 
adjusting the frequency and amplitude of the voltage inside the 
microgrid. In addition, auxiliary service strategies such as 
smooth transition and fault monitoring can be performed in the 
tertiary level.      
Microgirds are often adopted to provide reliable electricity 
services for safe-critical systems [9]-[10], where reliability is 
one of essential concerns. In fact, operating temperatures of 
power devices have significant impacts on long-term 
reliability of power electronic system, where over-temperature 
and temperature fluctuations caused by power loss can result 
in power devices failures [10]. In practical operation of 
microgrids, unequal thermal sharing among paralleled 
inverters tend to mitigate long-term lifetime of microgrids due 
to difference of inverter electro-thermal parameters [9]-[10]. 
Active thermal control strategies have been proposed to 
increase average lifetime cycle of inverters [10]-[12]. The 
general principle of active thermal control is to vary one or 
more temperature-related control variables of the system to 
reduce the thermal cyclying of power semiconductors during 
nominal operation. The temperature-related control variables 
commonly include the switching frequency [13], modulation 
method [14], DC-link voltage [15], output current limit [16], 
and parameters in active gate control [17]. However, the active 
thermal control also exists limitations, which may lead to the 
decrease of the overall system efficiency, performance 
deterioration, or increased control complexity with additional 
thermal control loops [18]-[19]. Active thermal control by 
regulating the current control limit benefits long-term lifetime 
Enhanced Hierarchical Control Framework of 
Microgrids with Efficiency Improvement and 
Thermal Management 
Yanbo Wang, Senior Member, IEEE, Ping Liu, Senior Member, IEEE, Dong Liu, Senior Member, 
IEEE, Fujin Deng, Senior Member, IEEE, Zhe Chen, Fellow, IEEE 
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on July 03,2020 at 17:06:06 UTC from IEEE Xplore.  Restrictions apply. 
0885-8969 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.3002670, IEEE
Transactions on Energy Conversion
 2
of power converter, but implies a restriction of system 
performance.  
To improve long-term reliability of power converters, an 
active thermal control-based current sharing scheme for 
paralleled inverters is proposed in [6], where the effect of 
parameters variation on temperature is investigated and load 
current is redistributed among paralleled inverters according to 
their temperature difference. In case of paralleled power 
converters, power routing can be used to share the total power 
intelligently between the converters to reduce or balance the 
thermal stress in a modular structure, which is effective to 
achieve active thermal control for reliability improvement of 
converters [13].  
In microgrids, the efforts toward reliability enhancement are 
slightly performed. Existing hierarchical control strategies 
mainly focus on power control in microgrids, which fails to 
enhance system long-term reliability. A hybrid control 
architecture is presented in [20] to implement system thermal 
management. A lifetime-oriented droop control strategy is 
proposed in [9] to perform equal thermal sharing. However, 
the aforementioned work fails to implement overall thermal 
management and efficiency improvement in system-level.  
Furthermore, operation efficiency of microgrid is another 
important concern. In fact, microgrid efficiency is affected due 
to different load profiles. The aspect about efficiency 
improvement of microgrids has been paid very limited 
attention. A power sharing and power-shifting strategy is 
presented in [21] to improve system efficiency of paralleled 
inverters. A distributed optimization method based on 
dynamic consensus algorithm is presented in [22] to improve 
operation efficiency of droop-controlled DC microgrids. 
However, high bandwidth communication channels are 
required to support the distributed control strategy. An 
adaptive droop control strategy is developed in [23]-[24] to 
improve operation efficiency of microgrids under different 
load profiles, where efficiency model of microgrid is first 
established to analyze time-varying characteristic of efficiency 
under different load profiles, and optimum solution of 
efficiency model is derived by lagrange multiplier method. 
However, the proposed control method fails to deal with 
thermal issue of paralleled inverters.  
    Additionally, microgrids can be operated in grid-connected 
mode to transmit power to utility grid according to commands 
of power system. Resonance phenomena can be triggered due 
to time-varying grid impedance, which can increase thermal 
stress of power devices, and weaken long-term reliability of 
microgrids [25]-[28]. However, existing hierarchical control 
strategies fails to deal with the resonance phenomena caused 
by time-varying grid impedance. 
   To improve operation efficiency and reliability of 
microgrids, an enhanced hierarchical control framework of 
microgrid was proposed in our previous conference version 
[29]. As an extension, this paper developes a comprehensive 
hierarchical control framework of microgrids with efficiency 
improvement and thermal management, which consists of 
primary control level and secondary control level. The 
motivation of this work is to develop an enhanced hierarchical 
control framework of microgrids, which is able to implement 
efficiency improvement, thermal management and resonance 
mitigation, so that the comprehensive performance can be 
improved.  
   Fig. 1 shows the relationship between the proposed 
hierarchical control and conventional hierarchical control. In 
primary control level, thermal management-oriented droop 
control is proposed to perform active thermal sharing among 
paralleled inverters. Secondary controller is developed to 
optimize system efficiency under different load profiles and 
perform thermal control in system-level. In addition, 
resonance mitigation capability is developed to mitigate 
harmonic resonance phenomena in grid-connected mode by 
means of finite state machine. The proposed hierarchical 
control framework is able to improve operation efficiency and 
implement thermal management for microgrids. Further, the 
the proposed control is compatible with tertiary control to 
enable optimal power flow control as an effective 
complementary of conventional hierarchical control 
framework.  
   The rest of this paper is organized as follows. In Section II, 
electro-thermal model of inverter are established to estimate 
thermal dissipation of microgrid. In Section III, an enhanced 
hierarchical control structure is proposed, where the principle 
and implementation details of it are given. Simulation and 
experimental results are given to validate the proposed 
hierarchical control strategy in Section IV and Section V. 
Conclusions are drawn in Section VI. 
II. ELECTRO-THERMAL MODEL OF INVERTER  
   Electro-thermal model of inverter are first established to 
estimate thermal dissipation, which will be applied in primary 
and secondary control level.   
    Power loss of power devices and diode can be calculated 
[9],[29]-[31] as (1) and (2).  
_ _ _loss PD con PD sw PDP P P                             (1) 
Ploss_Diode = Pcon_diode + Prec_diode                       (2) 
where average conduction losses of power device (Pcon_PD) and 
diode (Pcon_diode) during a fundamental period may be 
represented as (3) and (4) [29]-[31]. 
2
2
_ 0 0
1 1
( ) cos ( )
2 4 8 3
m m m
con PD ce ce m
I I I
P V r m V rI
 
             (3) 
 
Fig. 1. Hierarchical control structure of droop-controlled microgrids. 
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where Vce0 and VT0 are constant voltage drop of power device 
and diode, r and rd are current magnitude dependent voltage in 
output characteristic of on-state voltage and collector current 
for power device and diode [29]-[31]. ϕ is the phase angle 
between voltage and current. ω is fundamental angle 
frequency. Im is amplitude of load current. m is modulation 
index related with AC voltage amplitude to DC-link voltage. 
The average switching losses of power device during a 
fundamental period (T0) is given [31] as (5).  
_
10
1
( )
n
sw PD swP E iT
                            (5) 
Esw is the sum of turn-on and turn-off energy dissipation, 
which is given as (6). 
nom
dc
nom
nomnomoffnomnomonsw V
V
I
i
VIEVIEiE  )),(),(()(           (6) 
The recovery loss of diode can be calculated [31] as (7). 
_
1
* ( )*(0.45 0.55)* dcrec diode sw rec nom
nom nom
Vi
P f E I
I V
          (7) 
Eon and Eoff are measured turn-on and turn-off energy 
dissipation of power device at each switching pulse from 
datasheet. i is phase leg current. Inom and Vnom are nominal 
current and voltage of power device. Vdc is DC-link voltage. 
fsw is switching frequency. Erec is recovery loss of diode. 
   Junction temperature of power device can be estimated by 
RC equivalent thermal models without direct measurements 
[10], [30]. In this work, equivalent thermal model is 
established to predict temperature of power devices, where 
only steady-state junction temperature is estimated to 
implement steady-state active thermal control. Thermal 
resistance is a critical parameter to determine the thermal 
behavior of power devices. Fig. 3 shows thermal resistance 
chain of power devices applied in this work [30], where each 
current source represents the thermal power losses of power 
device. RthJC_PD and RthJC_D are thermal resistance of power 
device and diode from junction to case. RthCH_PD and RthCH_D 
are thermal resistance of power device and diode from case to 
heat sink. RthHA are the thermal resistance of heatsink to 
ambient environment.  
    The junction temperature of power device and diode can be 
derived from the equivalent thermal model [30], [32] as shown 
in Fig. 3 as (8) and (9). 
_ _ _ _( )jun PD loss PD thJC PD thCH PD HT P R R T                 (8) 
_ _ _ _( )jun D loss D thJC D thCH D HT P R R T                   (9) 
where Tjun_PD and Tjun_D are junction temperature of power 
device and diode, Ta is the ambient temperature. And 
TH=(Ploss_PD+Ploss_D)·RthHA+Ta. 
 
Fig. 3. Equivalent thermal model of semiconductor power device [32]. 
 
III. THE PROPOSED ENHANCED HIERARCHICAL CONTROL 
FRAMEWORK 
 
   In this section, the principle of the proposed enhanced 
hierarchical control framework is developed, where the 
implementation procedures of primary control level and 
secondary control level are given. Fig. 2 shows the diagram of 
the proposed enhanced hierarchical control framework of 
 
Fig. 2. The proposed hierarchical control framework of microgrids with efficiency improvement and thermal management. 
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microgrids with efficiency improvement and thermal 
management. Junction temperature estimation model of power 
devices is first established to predict thermal characteristics, 
and two-level control framework is formulated, respectively.  
A. Primary control level: thermal sharing 
   Primary control level is developed to perform thermal stress 
sharing among paralleled inverters. Temperature-current 
relationship of different inverters is first obtained by 
combining (8)-(9) and parameters in Table I [33]-[34] as 
shown in Fig. 4, where inverters have different temperature-
current characteristics due to differences of power devices. To 
make assure that the power devices can be operated within a 
desirable operation temperature range, the typical heat sink 
WA-T264-101E is applied in this work, where the thermal 
resistance parameter from heat sink to ambient (RthHA) is given 
in Table I according to datasheet of heat sink [35].  
   Mathematical representation of temperature-current 
relationship is obtained from Fig. 4 by the least square fitting 
as (10)-(11). 
2
1 1 1( )PD c c cT I a I b I c                         (10) 
22
2
2)( cIbIaIT cccDiode                          (11) 
where TPD(Ic) and TDiode(Ic) are current-dependent junction 
temperature of power device and diode. 
1 1 1 2 2 2, , , , ,a b c a b c are 
coefficients of fitted equations, which can be obtained 
according to Fig. 4. The primary control strategy is validated 
in a microgrid with 4 inverters.  
 
TABLE I 
PARAMETERS APPLIED IN ELECTRO-THERMAL MODEL [33]-[34] 
Inverter 1/Inverter 3 Inverter 2/Inverter 4 
Power device FP10R06KL4 Power device FS6R06VE3B2 
RthJC_PD 1.6  K/w RthJC_ PD 3.3  K/w 
RthCH_PD 0.6 K/w RthCH_ PD 1.3 K/w 
RthJC_D 3.5 K/w RthJC_D 4.5 K/w 
RthCH_D 1.1 K/w RthCH_D 2.1 K/w 
RthHA 11 K/w   
Voltage 
(Base value) 
110 V 
Temperature 
(Base value) 
75 oC 
Current 
(Base value) 
12 A 
Frequency 
(Base value) 
50 Hz 
 
 
       (a)                                                      (b) 
Fig. 4. Temperature-current relationship of 4 inverters. (a) Current-dependent 
power device junction temperature. (b) Current-dependent diode junction 
temperature. 
    New active power-frequency (P-f) and reactive power-
voltage (Q-V) droop relationships with consideration of active 
thermal control are formulated by combining temperature-
current relationship (10)-(11) and conventional droop curves 
as (12)-(14). 
* max min
max
max _ max
( )
( )
x
x PD
PD nom
f f P
f f T
P T V

                    (12) 
* max min
max
max _ max
( )
( )
x
ox PD
PD nom
V V Q
V V T
Q T V

                     (13) 
* max min
max
max _ max
( )
( )
x
ox Diode
Diode nom
V V Q
or V V T
Q T V

                    (14) 
 (x=1,2,3,4) is x-th inverter in microgrid. The proposed P-f 
droop curves (12) and Q-V droop curves (13) are shown in 
Fig.5. In the droop-controlled microgrid, the DG inverters are 
regarded as dispatchable resources or renewable energy 
resources equipped with energy storage devices [2]-[8] to 
ensure propotional power sharing among paralleled inverters. 
In this work, the power sharing among paralleled inverters is 
perfomed according to the temperature-dependent power 
ratings. The inverter with lower temperature will generate 
higher powers. Then, the thermal stress is redistributed, which 
thus achieves equal thermal distributions among paralleled 
inverters.  
 
           (a)                                                        (b) 
Fig. 5. The proposed lifetime-oriented droop control. (a) The temperature-
dependent P-f droop curve. (b) The temperature-dependent Q-V droop curve.  
 
  To futher analyze the effect of thermal stress on long-term 
lifetime of power devices, the extended Coffin-Manson 
lifetime model [36] is employed to explain the relationship 
between power device lifetime and junction temperature as 
(15). 
( ) expn af j
B jmean
E
N T
k T
 
 
                           (15) 
where Nf is the number of cycles to failure, α = 302500, n = 
5.039, Ea = 9.891×10
-20 J, kB is Boltzmann constant, ΔTj is the 
junction temperature swing (thermal cycling) and Tjmean is the 
mean junction temperature (thermal loading) of the power 
device. Then, the lifetime of microgrid under proposed control 
strategy can be predicted according to the extended Coffin-
Manson lifetime model [36]. In this work, the proposed 
control framework is implemented by redistributing the power 
among paralleled inverters according to different load profiles 
to regulate the mean junction temperature (Tjmean), so that the 
efficiency optimization and thermal management can be 
implemented simultaneously.  
B. Secondary Control Level: Active thermal management 
and resonance mitigation 
    The responsibility of secondary control level is to optimize 
operation efficiency of microgrid under different load profiles. 
Fig. 6 shows the well-established efficiency curves of single 
and paralleled inverters [20]. 
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   It can be seen that the efficiency of paralleled inverters is 
lower than that of single inverter when load power is lower 
than 50% of inverter rated power. Hence, the optimum 
efficiency points are time-varying as variation of load 
conditions. In second control level, operating points of 
microgrid are dynamically shifted by optimizing operation 
number of inverters to improve operation efficiency according 
to load profiles and thermal distribution status. Specific 
inverters are controlled to generate higher power and the rest 
of inverters are reactivated under light-load condition. On the 
other hand, once inverter temperature is higher than critical 
value, the more inverters will be activated to share loads 
power, where temperature of power devices is estimated 
according to thermal model established in Section III. A.  
 
 
  Fig. 6. Efficiency curves of power converters [20]. 
 
    To implement dynamic shift of operating points, finite state 
machine model [37] is adopted to model secondary controller, 
where the control signals as Boolean variables can be 
transmitted by low bandwidth communication. The model 
defines a finite set of states as well as how the system is 
shifted from one state to another when certain conditions 
happen. Fig. 7 shows the finite state machine-based secondary 
control strategy in islanded microgrids, where two operation 
modes including efficiency optimization and active thermal 
control are performed to track optimum operation points. 
Fig.7(a) shows the interaction relationship of primary control 
level and secondary control level. Fig. 7(b) shows possible 
transitions between different states, where dynamics of finite 
state machine are defined and each state can be shifted by a 
Boolean condition. In this work, the control bandwidth of 
secondary controller is designed as 10Hz. With the assumption 
that the microgrid consists of 4 inverters, it thus can be 
controlled at 4 operation states. Sx (x=1,2,3,4) indicates 
operation status, where x is operation number of inverters 
under each state. 
Boolean logical variables are first defined here. θx is defined 
as switch on/off status of inverter. Tx indicates thermal 
operation status of inverter. δx indicates load status of DG 
inverter. Two operation modes are explained as following.  
 
 (a) 
 
 (b) 
Fig. 7 The finite state machine-based secondary control strategy 
 (1) Active thermal management  
   The trigger condition is defined by discrete logic variables 
as (16) and (17).  
   1e c xT T T                            (16) 
1 2 xT T T T                           (17) 
   Te is estimated operation temperature of inverter according 
to electro-thermal model. Tc is defined as critical temperature 
to trigger state transition.  In this work, Tc is defined as 120°C. 
Once Te is higher than Tc, thermal status of each inverter Tx 
will be switched to 1. T is thermal indicator of microgird, 
where it will be switched as 1 to trigger secondary controller if 
thermal status of any inverters is switched to 1. Then, the 
microgrid will be shifted into operating point B as shown in 
Fig. 6. Then, the rest of inverters are sequentially activated to 
share load power so that thermal stresses are redistributed. 
   As illustrated in Fig. 6, efficiency of paralleled inverters is 
not optimum if system is operated under light-load condition 
(point B) where output power is lower than 50% of rated 
power. To improve system efficiency, the number of inverters 
is decreased to capture optimum operating point. The 
secondary control strategy will move it into operating point A 
by state transitions. The trigger condition is defined as (18) 
and (19).  
   50% 1x rated xP P                         (18) 
1 2 x                                 (19) 
where Px is output power of i-th inverter. Prated is rated power 
of inverter. It is defined that microgrid is under light-load 
condition if Px is lower than 50% Prated, then load status 
variable δx is switched to 1, and secondary controller is 
enabled to reduce operation number of inverters for efficiency 
improvement. The logical truth table indicating operation 
status of inverters is given in Table II. 
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TABLE II 
LOGICAL TRUTH TABLE INDICATING OPERATION STATUS 
 θ1 θ2 θ3 θ4 
S1 1 1 1 1 
S2 1 1 1 0 
S3 1 1 0 0 
S4 1 0 0 0 
(2) Resonance mitigation  
   When microgrid is operated in grid-connected mode, 
resonance phenomenon can be caused due to time-varying 
grid impedance. In grid-connected mode, resonance mitigation 
capability is developed in secondary control level. Resonance 
detection of inverter current is implemented by measuring 
amplitude of output current using Fast Fourier Transformation 
(FFT). The resonance detection block is able to identify 
whether the current magnitude in present control period is 
increased compared with the threshold. 
   Small signal model of grid-connected microgrid is first 
established to analyze the resonance behaviors. Fig. 8(a) 
shows the diagram of individual inverter, and Fig. 8(b) shows 
the equivalent circuit of grid-connected microgrid with 4 
inverters, where iox (x=1,2,3,4) is output current of x-th 
inverter, ig is grid-injected current of paralleled inverters, Vpcc 
is voltage at point of common coupling. Lg and Rg are 
equivalent grid impedance and resistor. 
 
(a) 
 
(b) 
Fig. 8 The diagram of grid-connected microgrid. (a) The diagram of 
individual inverter with controller. (b) The equivalent circuit of grid-
connected microgrid.  
 
   State-space equation of individual inverter considering LCL 
filter, current controller and time delay of digital controller 
can be established as (20) and (21). 
inviinviinviinviinvi uBxAx 

                       (20) 
inviinviinvi xCy                                (21) 
where  , , , , ( 1,2,3,4)invi li oi oi i dx i v i x i  ,  pccoiinvi Viu ,* , 
 oiinvi iy  . The ili and ioi are converter-side current and grid-
side current of inverter as shown in Fig. 8(a). voi is output 
voltage of inverter. φi is state variables of current controller. xd 
are state variables of equivalent delay plant of digital 
controller. Ainvi, Binvi, Cinvi  are parameter matrices. The detailed 
parameters and derivation process can be seen in [28]. 
    Dynamic equation of grid current ig can be derived as (22). 
pcc
g
g
g
g
g VL
i
L
R
i
1


                         (22) 
   The overall state-space model is established by combining 
(9)-(10) and (13) as (23).  
sys sys sys sys pccx A x B V

                       (23) 
where 
1 2 3 4, , , ,
T
sys inv inv inv inv gx x x x x i    , 
1 2 2 4( , , , , )
g
sys inv inv inv inv
g
R
A diag A A A A
L
   is the diagonal state 
matrix, 
1 2 3 4
1
, , , ,
T
sys inv inv inv inv
g
B B B B B
L
 
  
  
  
   To establish a simplified state-space model, a virtual resistor 
(Rn) is introduced to define PCC voltage [28] as (24). 
1 2 3 4( )pcc n o o o o gV R i i i i i                      (24) 
   The PCC voltage equation may be rewritten as (25) by 
combining (21) and (24).   
syspcc NxV                                     (25) 
where  1 2 3 4, , , , 1n inv inv inv invN R C C C C  . 
The small signal model of microgrid can be established by 
combining (23) and (25) as (26) 
syssyssys xFx 

                                (26) 
where Fsys = Asys + BsysN is state matrix of overall system.  
   The eigenvalue trace of state matrix (Fsys) indicates the 
oscillation characteristic and damping characteristic of the 
overall system. Fig. 9(a) shows eigenvalue trace of microgrid 
as increase of grid impedance. And Fig. 9(b) shows the 
eigenvalue trace of microgrid as decrease of inverter number. 
The small signal analysis shows that operation number of 
inverter contributes to output impedance of microgrid and has 
significant effects on small signal stability of microgrid. 
 
 
             (a)                                                      (b) 
Fig. 9. Eigenvalue trace of microgrid. (a) Eigenvalue trace as increase of grid 
impedance. (b) Eigenvalue trace as decrease of inverter number. 
 
    Resonance mitigation capability is developed in secondary 
control level to mitigate resonance phenomena according to 
small signal analysis from Fig. 9. Fig. 10 shows operation 
principle of the proposed secondary control strategy. Fig.10(a) 
shows the interaction relationship of secondary control and 
primary control level, and Fig. 10(b) shows state transition 
procedure triggered by secondary controller.  
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(a) 
 
(b) 
Fig. 10 The proposed secondary control strategy in grid-connected micgorids. 
 
    Once the measured THD value from resonance detection 
block is higher than critical value, system status can be shifted 
to other states. The trigger condition is defined as (27) and 
(28) 
   1M c xH H H                             (27) 
1 2 xH H H H                            (28) 
where HM is measured THD value, Hc is threshold to trigger 
secondary controller and Hx is Boolean variable that indicates 
harmonic status of each inverter. 
   Then, power reference command is updated to assign output 
power of each inverter as (29) 
*
*
1 2( ... )
g
i
x
P
P
n H H H

   
                   (29) 
where *
gP is total power command from grid. n is total number 
of inverters in microgrid.  
IV. SIMULATION VERIFICATION 
To validate effectiveness of the proposed hierarchical 
control strategy, simulations in MALAB with PLECS blockset 
and Stateflow blockset are performed in a scaled-down 
microgrid. The circuit diagram of microgrid with 4 inverters is 
shown in Fig. 2. The system parameters applied in simulation 
are given in Table I and Table IV.  
Case I Proposed primary control strategy 
   Fig. 11 shows the simulation results of paralleled inverters 
under conventional droop control method. It can be seen from 
Fig. 11(b) that thermal stress is unequally distributed due to 
difference of electro-thermal parameters for 4 inverters, even 
if equal power sharing can be achieved. 
   Fig. 12 shows the simulation results of microgrid with the 
proposed thermal management-oriented droop controller. It 
can be seen from Fig. 12(b) that the proposed primary control 
strategy is able to share automatically thermal stress by 
regulating active powers of inverters, so that the thermal 
dissipation can be equally distributed between inverter 1 and 
inverter 2. Fig. 13 shows simulation results of paralleled 
inverters when reactive power loads is increased. It can be 
seen from Fig. 13(b) that the droop controller is able to 
equally redistribute thermal stress between paralleled inverters 
by regulating output reactive powers.  
 
   
                                      (a)                                                      (b) 
Fig. 11. Simulated results of 4 paralleled inverters with parameters shown in 
TableI. (a) Active power sharing of inverters. (b) Power device junction 
temperature of inverters. 
 
 
                                   (a)                                                        (b) 
Fig. 12 Simulated results of 4 paralleled inverters with parameters shown in 
TableI under the proposed lifetime-oriented droop controller. (a) Active power 
sharing of inverters. (b) Power device average junction temperature of 
inverters. 
 
                                      (a)                                                    (b) 
Fig. 13 Simulated results of 4 paralleled inverters with parameters shown in 
TableI. (a) Reactive power sharing of inverters. (b) Power device average 
junction temperature of inverters. 
 
       
                                   (a)                                                         (b) 
Fig. 14. Simulated results of 4 paralleled inverters with parameters shown in 
TableI. Power device junction temperature of inverters for gradual change of 
the load without the proposed primary control. (d) Power device junction 
temperature of inverters for gradual change of the load with the proposed 
primary control. 
 
P
o
w
e
r 
(w
)
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   Fig. 14 shows the simulation results of 4 paralleled inverters 
without and with the proposed primary control for gradual 
change of the load. It can be seen that the proposed primary 
control strategy is able to share automatically thermal stress in 
the presence of gradual change of the load. 
   To further evaluate the lifetime of microgrid, a comparison 
analysis of junction temperatures and the number of cycles to 
failure is given in Table III according to Fig. 11-13.  
TABLE III 
COMPARISON JUNCTION TEMPERATURES AND NF RESULTS 
 Conventional droop control Proposed droop control 
Inverter Inverter 1/3 Inverter 2/4 Active Power 
(Inverter 1-4) 
Reactive Power 
(Inverter 1-4) 
Tjmean (°C) 42 60 53 42 
ΔTj (°C) 10 29 20 13 
Nf 2.064×10
10 2.827×107 2.917×108 2.917×108 
 
   The comparision analysis given in Table III show that the 
inverter 1 and inverter 3 take lower thermal stress than 
inverter 2 and inverter 4 under conventional droop control 
strategy. It can be seen that the equal thermal distributions are 
performed among four paralleled inverters under the proposed 
primary droop control. Lifetime of the microgrid can be 
evaluated according to the extended Coffin-Manson lifetime 
model (15). The number of cycles to failture (Nf) for inverter 2 
and inverter 4 are obviously extended from 2.827×107 to 
2.917×108, which means that the mean lifetime of the 
microgrid is effectively improved. 
With the development of power electronic technology, the 
wide bandgap semiconductors will be increasingly applied. To 
further validate the effectiveness of the proposed control 
method, simulation results are implemented in a SiC 
MOSFET-based microgrid. The parameters are given in Table 
IV.       
TABLE IV 
PARAMETERS APPLIED IN ELECTRO-THERMAL MODEL [38]-[39] 
Inverter1/Inverter3 Inverter2/Inverter4 
SiC Power 
device 
C3M0030090K 
SiC Power 
device 
C3M0065090J 
RthJC_SiC 0.62 K/w RthJC_ SiC 1.1 K/w 
RthHA_PD 11 K/w RthHA_PD 11 K/w 
Voltage 
(Base value) 
110 V 
Temperature 
(Base value) 
75 oC 
Current 
(Base value) 
12 A 
Frequency 
(Base value) 
50 Hz 
 
   Fig. 15(a) shows the simulation result about thermal 
distribution among paralleled inverters under conventional 
droop control method. It can be seen that the thermal stress is 
unequally distributed due to difference of electro-thermal 
parameters for 4 inverters. Fig. 15(b) shows the simulation 
result under the proposed control method. It can be seen that 
the proposed control method is able to share automatically 
thermal stress. Hence, the simulation verification shows that 
the proposed control method is still effective in a SiC 
MOSFET-based microgrid.  
 
 
   (a) 
  
    (b) 
Fig. 15 The simulation results of the proposed control framework in a 
SiC MOSFET-based microgrid. 
 
Case II Proposed secondary control strategy 
   Secondary control is proposed to optimize operation 
efficiency of microgrid. Fig. 16 shows simulation results about 
output power of paralleled inverters when system loads are 
decreased. It can be seen from Fig. 16(a) that the output 
powers of inverters are equally reduced when system loads are 
decreased at 0.2s. Fig. 16(b) shows that the operation 
efficiency of microgrid is decreased from 0.98 to 0.87.  
   Fig. 17 shows simulation results of microgrid with proposed 
secondary control strategy. It can be seen from Fig. 17(a) that 
the output powers of paralleled inverters are redistributed by 
optimizing number of inverters by secondary controller, where 
inverter 1 is controlled to generate more power, and the rest of 
inverters are reactivated. Fig. 17(b) shows overall efficiency 
curve of microgrid. It can be seen that the overall efficiency is 
improved once the proposed secondary control strategy is 
activated.  
Fig. 18 shows simulation results of active thermal control. It 
can be seen that the average temperature is increased due to 
increase of load power at 0.2s. Once secondary controller is 
activated at 0.4s, active temperature control will be performed 
to decrease average temperature of inverters as shown in 
Fig.18(b).  
 
 
                               (a)                                                     (b) 
Fig. 16.  Simulation results under conventional droop control strategy. (a) 
Output power of inverters. (b) Overall efficiency curve of inverters.  
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                                (a)                                                          (b) 
Fig. 17. Simulation results about efficiency optimization mode under 
proposed secondary control strategy. (a) Output power of inverters. (b) 
Efficiency curve of inverter 1.  
 
 
        (a)                                                     (b) 
Fig. 18. Simulation results with proposed secondary control strategy. (a) 
Output power of inverters. (b) Average temperature of inverters.  
 
Fig. 19 shows simulation results of grid-connected 
microgrid with proposed secondary control strategy. It can be 
seen that resonance phenomenon is caused due to increase of 
grid impedance at 0.8s. The resonance phenomenon is 
mitigated once the proposed secondary control is activated at 
1.1s, which agrees with the theoretical analysis results as 
shown in Fig. 9.  
 
 
Fig. 19. Simulation results about grid-injected current of microgrid. 
 
V. EXPERIMENTAL VERIFICATION 
 
To further validate effectiveness of the proposed 
hierarchical control strategy, the experiments are implemented 
in a scaled-down microgrid with 3 inverters. The picture of 
experimental setup is shown in Fig. 18, where each inverter 
consists of three-phase bridge circuit, driving circuit of power 
modules, sampling circuit and LC filter. The circuit 
parameters applied in simulation and experiment are listed in 
Table III. The whole platform is controlled by dSPACE 1006.  
 
 
 
 
 
TABLE V 
SIMULATION AND EXPERIMENTAL PARAMETERS 
Parameters Value Parameters Value 
fs 10kHz 
Phase Voltage 
(Simulation) 
150 V 
Lf 1.5mH 
Phase Voltage 
(Experiment) 
75 V 
Cf 25µF 
DC voltage 
(Simulation) 
500V 
Lc 2mH DC voltage 
(Experiment) 
200V 
R1/L1 0.1Ω/2mH R2/L2 0.1Ω/2mH 
 
   The proposed primary control strategy is first validated. 
Fig.20 shows experimental results under traditional droop 
control strategies. It can be seen from Fig. 20(a) that the 
output currents of paralleled inverters are increased to track 
change of load power, and output powers can be equally 
shared. Fig. 20(b) shows thermal imaging measurement results 
of inverter 1 and inverter 2. It can be seen that 6 power 
devices of inverter 1 become red color, which means the 
temperature of power devices is up to 89.9oC. Also, the 
thermal imaging of 6 power devices in inverter 2 shows grey 
color, which means the temperature of power devices is lower 
than 75oC. Hence, the thermal stresses of paralleled inverters 
are unequally distributed.  
    Fig. 21 shows experimental results of the proposed droop 
control strategies. It can be seen from Fig. 21(a) that the 
output currents of paralleled inverters are automatically 
adjusted to balance thermal stress of paralleled inverters. And 
Fig. 21(b) shows thermal imaging measurement results of 
inverter 1 and inverter 2.  Thermal imaging of power devices 
in inverter 1 and inverter 2 shows almost same temperature 
profile, which means the temperature of power devices in two 
inverters are about 71oC. Hence, the thermal stresses of 
paralleled inverters are equally distributed under proposed 
droop control strategy. 
  
                               (a)                                                        (b) 
Fig. 20. Experimental results under conventional droop control strategy. (a) 
Output currents (Phase A) of inverters. (b) Thermal stress distribution of 
inverters.  
  
                                (a)                                                        (b) 
Fig. 21. Experimental results under the proposed droop control strategy. (a) 
Output current (Phase A) of inverters. (b) Thermal stress distribution of 
inverters. 
 
Fig. 22 show experimental results without proposed 
secondary control strategy, where the temperature of inverter 1 
is up to 77.4oC as shown in Fig. 22(b). Once the secondary 
Secondary Controller 
 Enable 
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control strategy is enabled, inverter 2 will be responsible for 
power sharing, then temperature is decreased to 42.3oC as 
shown in Fig. 23(b). 
 
                           (a)                                                         (b) 
Fig. 22. Experimental results without the proposed secondary control strategy. 
(a) Output current (Phase A) of inverters. (b) Thermal distribution of 
inverters. 
 
                            (a)                                                        (b) 
Fig. 23. Experimental results with the proposed secondary control strategy. (a) 
Output current (Phase A) of inverters. (b) Thermal distribution of inverters. 
In grid-connected mode, the microgrid with three 5kw 
inverters are established to validate the proposed secondary 
control strategy. Fig. 24(a) shows stable output currents of 
three DG inverters, which means the microgrid can be stably 
operated in a stiff grid. Once grid impedance is increased, 
resonance phenomenon of output currents can be caused as 
shown in Fig. 24(b). Then, the resonance phenomenon 
happens in the microgrid.  
 
     (a)                                                     (b) 
Fig. 24. Experimental results of grid-connected microgrid. (a) Output currents 
(Phase A) of inverters in a stiff grid. (b) Output currents (Phase A) of inverters 
after the grid impedance is increased.  
Fig. 25 shows experimental results about the proposed 
secondary control strategy. The resonance phenomenon of 
microgrid with two inverters can be seen as shown in 
Fig.25(a). It can be seen that once the proposed secondary 
control strategy shown in the Fig. 10 is activated, the 
resonance phenomenon can be mitigated as number decrease 
of inverters as shown in Fig. 25(b). Stable power is then 
transmitted into utility grid, which agrees with the theoretical 
analysis from Fig. 9 and simulation results as shown in Fig.19. 
 
(a)                                                      (b) 
Fig. 25. Experimental results of grid-connected microgrid.  (a) Output currents 
(Phase A) of two inverters with proposed secondary control strategy. (b) 
Output current (Phase A) of one inverter with proposed secondary control 
strategy. 
   Therefore, the experimental results from Fig. 20-25 validate 
the proposed enhanced hierarchical control strategy.  
VI. CONCLUSION 
   This paper presents an enhanced hierarchical control 
framework of microgrids with efficiency and reliability 
improvement. Primary control level is proposed to implement 
active thermal management. Secondary control level is 
developed to perform efficiency optimization and active 
thermal control according to different load profiles. In 
addition, resonance mitigation capability of microgrid is 
developed in this secondary control level. The simulation and 
experimental verification show that (1) The proposed primary 
control level is able to perform equal thermal distribution by 
regulating output powers of inverters. (2) Operation efficiency 
of microgrid under different load profiles can be improved by 
the proposed secondary control strategy. In addition, the 
proposed secondary control layer is able to mitigate resonance 
phenomenon in grid-connected mode. The proposed 
hierarchical control framework is able to enhance operation 
efficiency and perform active thermal management for 
microgrids. As a complementary, the proposed hierarchical 
control preserves inherent features of conventional 
hierarchical control.  
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